Chorioamnionitis and funisitis are associated with neonatal morbidity and mortality. We hypothesized that chorioamnionitis may stress fetal endothelium, activate proinflammatory gene transcription. and affect angiogenic homeostasis in fetal capillaries. Placentas from preterm infants were stained for heat-shock protein 70, nuclear factor-B, hypoxia-inducible factor-1␣, and vascular endothelial growth factor (VEGF). VEGF receptors (VEGF-R) 1 and 2 as well as the receptor tyrosine kinase with immunoglobulin and epidermal growth factor homology domains (TIE-2), which is involved in vascular remodeling, were quantified. Immunohistochemistry was analyzed by counting positive capillaries in placental terminal villi. Staining intensity was quantified by a three-step semiquantitative scale. The samples were divided into three matched groups according to histology: chorioamnionitis with funisitis ("funisitis"), chorioamnionitis without funisitis ("chorioamnionitis"), and control group with no inflammation. In tissues from the funisitis or chorioamnionitis group, heat-shock protein 70 expression was increased over the control group. More nuclear factor-B-positive nuclei of endothelial cells in capillaries were counted in the funisitis and chorioamnionitis groups. Expression of VEGF and VEGF-R1 and -R2 were reduced in cases of funisitis or chorioamnionitis in comparison with controls. Hypoxia-inducible factor-1␣ expression tended to be slightly lower in the funisitis and chorioamnionitis groups but did not reach statistical significance. We speculate that cellular stress and changes in angiogenic homeostasis induced by proinflammatory activation of fetal endothelium in chorioamnionitis may not be limited to the placenta but may also involve other fetal organs. (Pediatr Res 58: 607-612, 2005) Abbreviations BPD, bronchopulmonary dysplasia CI, confidence interval HIF-1␣ hypoxia-inducible factor-1␣ HRP, horseradish peroxidase HSP70, heat-shock protein 70 IL, interleukin NF-B, nuclear factor-B TIE-2, tyrosine kinase with immunoglobulin and epidermal growth factor homology domains-2 VEGF, vascular endothelial growth factor VEGF-R, vascular endothelial growth factor receptor Chorioamnionitis is very common in preterm birth (1). Microbial infection of the amnion and chorion are detected in 60% of all preterm deliveries (2). Funisitis is diagnosed as an infiltration of neutrophils in the umbilical cord vessels (3) and can be considered as a progression of chorioamnionitis with systemic inflammatory response syndrome of the fetus (4). Although fetal inflammation reduces the incidence of respiratory distress syndrome (5,6) and increases the survival of preterm infants (7), the fetal inflammatory response has been associated with increased neonatal morbidity. The mechanisms by which fetal inflammation increases the incidence of bronchopulmonary dysplasia (BPD) (8), retinopathy of prematurity (9), intracranial hemorrhage (10), cerebral palsy, and adverse neurodevelopmental outcome (11-13) are not fully understood. Recently, a new potential mechanism in the pathogenesis of increased morbidity was put forward. The importance of impaired angiogenesis in the development of organs and BPD was shown by a reduced expression of proangiogenic factors and their receptors in lung tissue from preterm infants with BPD (14,15). 
Abbreviations BPD, bronchopulmonary dysplasia CI, confidence interval HIF-1␣ hypoxia-inducible factor-1␣ HRP, horseradish peroxidase HSP70, heat-shock protein 70 IL, interleukin NF-B, nuclear factor-B TIE-2, tyrosine kinase with immunoglobulin and epidermal growth factor homology domains-2 VEGF, vascular endothelial growth factor VEGF-R, vascular endothelial growth factor receptor Chorioamnionitis is very common in preterm birth (1) . Microbial infection of the amnion and chorion are detected in 60% of all preterm deliveries (2) . Funisitis is diagnosed as an infiltration of neutrophils in the umbilical cord vessels (3) and can be considered as a progression of chorioamnionitis with systemic inflammatory response syndrome of the fetus (4).
Although fetal inflammation reduces the incidence of respiratory distress syndrome (5, 6) and increases the survival of preterm infants (7) , the fetal inflammatory response has been associated with increased neonatal morbidity. The mechanisms by which fetal inflammation increases the incidence of bronchopulmonary dysplasia (BPD) (8) , retinopathy of prematurity (9) , intracranial hemorrhage (10) , cerebral palsy, and adverse neurodevelopmental outcome (11) (12) (13) are not fully understood. Recently, a new potential mechanism in the pathogenesis of increased morbidity was put forward. The importance of impaired angiogenesis in the development of organs and BPD was shown by a reduced expression of proangiogenic factors and their receptors in lung tissue from preterm infants with BPD (14, 15) .
De novo synthesis of blood vessels (vasculogenesis) accounts for the major part of new blood vessel formation in the placenta during the first trimester, which is followed by angiogenesis (growth of existing vessels) in the next trimesters (16) . Angiogenesis is a complex process in which the balance of agonists and antagonists drive growth, differentiation, survival, and remodeling of endothelial cells and their precursors (17) . During the complete gestational period, fetal capillaries grow in the placenta toward the decidua (18) . It is unclear whether a bacterial infection of the placenta-like in chorioamnionitisaffects the angiogenesis during gestation. In this study, we focused on the inflammatory changes on endothelial cell homeostasis and on selected angiogenic factors expressed by capillaries of the placenta of preterm infants that were exposed to chorioamnionitis or funisitis. We used chorioamnionitis and funisitis as criteria to characterize the prenatal inflammation to which the fetus was exposed. These histologic diagnoses are readily available in clinical practice and are important for outcome (19) . We hypothesized that inflammation in chorioamnionitis and/or funisitis may impair cellular homeostasis in endothelial cells that may activate heat-shock protein 70 (HSP70). HSP70 is an unspecific marker of cellular stress that can be induced by hypoxic, oxidative, or osmotic stress (20) . In addition, we evaluated the expression of hypoxia-inducible factor-1␣ (HIF-1␣), which can be induced by hypoxia or ischemia (21, 22) . HIF-1␣ and HSP70 are expressed in placental endothelial cells throughout pregnancy (23) and interfere with proinflammatory gene transcription (24) . Proinflammatory gene transcription can be induced by activation of nuclear factor-B (NF-B), which is a fundamental feature in inflammatory events in monocytes and endothelial cells (25) (26) (27) . We evaluated the expression of NF-B in placental endothelial cells that can induce proinflammatory gene transcription for interleukin (IL)-1 and tumor necrosis factor-␣, which are known to be up-regulated in chorioamnionitis (4) . The effects of inflammation on angiogenesis were evaluated by staining the placenta tissue for the expression of vascular endothelial growth factor (VEGF), which induces endothelial cell proliferation, sprouting, and tubulogenesis (28) . VEGF can be induced by HIF-1 ␣ or many oncogenes (21, 22, 29) and is closely related to the regulation of NF-B by inhibiting IB kinase activity (26) . The effects of VEGF are mediated in part by the VEGF receptors (VEGF-R) 1 and 2 (30), which were detected in the placenta throughout gestation (31) . In addition, the receptor tyrosine kinase with immunoglobulin and epidermal growth factor homology domains-2 (TIE-2) was quantified in the placenta. TIE-2 stimulates angiogenesis and vascular remodeling by endothelial cell migration and stabilizes newly formed vascular networks by recruiting periendothelial support cells and formation of extracellular matrix (32) .
METHODS
Patients and study design. Umbilical cord blood, umbilical cord, and placenta samples from 32 preterm infants [13 (33) . In the study of D'Alquen et al. (33) , umbilical cord sections and umbilical blood samples of the same patients were analyzed for the expression of adhesion molecules. In this study, only funisitis resulted in increased expression and shedding of endothelial adhesion molecules, which correlated with increased concentrations of proinflammatory cytokines in umbilical blood samples (33) .
Prenatal steroid prophylaxis was defined as an inclusion criterion. The patients were grouped according to histologic diagnosis of placenta and umbilical cord. Hematoxylin-eosin-stained sections of placenta and umbilical cord were reviewed by a pathologist who was unaware of clinical data. Chorioamnionitis was defined as infiltration of neutrophils in the extraplacental membranes or chorionic plate (34) . Funisitis was diagnosed when neutrophils infiltrated the wall of umbilical cord vessels or Wharton's jelly (35) . The first group of patients with chorioamnionitis and funisitis was referred to as funisitis group (n ϭ 11). The second group had a diagnosis of chorioamnionitis without inflammation of the umbilical cord and therefore was referred to as chorioamnionitis group (n ϭ 9). The control group showed no inflammation of placenta and umbilical cord (n ϭ 12).
Characteristics of patients are shown in Table 1 . There was no difference in distribution of gender, gestational age, birth weight, Apgar score after 5 min, and umbilical cord artery pH between groups. Almost all mothers in all three groups had uncontrollable preterm labor with no difference between groups. The funisitis group had the highest incidence of premature rupture of membranes, and the control group had the lowest (p Ͻ 0.05). The incidence of premature rupture of membranes was not different between the funisitis and chorioamnionitis groups. Pregnancies with pathologic changes in the placenta, such as gestational diabetes or preeclampsia, were excluded. The study was approved by the hospital ethics committee, and patients' parents gave informed consent.
Immunohistochemistry. Immunohistochemical staining was performed following standard procedures. In brief, sections were cut from formalin-fixed, paraffin-embedded placenta samples at 2 m and mounted on 3-aminopropyltriethoxy-silane-coated slides (Roth, Karlsruhe, Germany). After dewaxing and rehydration in graded ethanol solutions, antigen retrieval was carried out with 10 min of boiling in citric acid buffer (pH 6.0), using a microwave (750 W). Endogenous peroxidase activity was inhibited by 3% hydrogen peroxide in methyl alcohol. Nonspecific binding was blocked by incubation in PBS with 1% goatserum and 1% BSA. Slides were incubated overnight at 4°C in a humidified chamber with primary antibodies at appropriate dilution in PBS. Primary antibodies were anti-human NF-B (diluted 1:2000; sc-226; Santa Cruz Biotechnology, Santa Cruz, CA) and anti-human HSP70 (diluted 1:75; clone 289M; Biogenex, San Ramon, CA), anti-human VEGF (diluted 1:50; clone sc-152; Santa Cruz Biotechnology), anti-human VEGF-R1 (diluted 1:500; clone RP 077; Zytomed, Berlin, Germany), anti-human VEGF-R2 (diluted 1:500; clone AF 357; R&D Systems, Minneapolis, MN), anti-human TIE-2 (diluted 1:500; clone AF 313; R&D Systems), and anti-human HIF-1␣ (diluted 1:100; clone H1␣67; Novus Biologicals, Littleton, CO). Detection was done with a goat anti-mouse secondary antibody conjugated to horseradish peroxidase (HRP; Dako, Glostrup, Denmark). The enzymatic reaction was developed with 3,3' diaminobenzidine (brown). After counterstaining with hematoxylin, samples were dehydrated and mounted. A negative control without primary antibody was included in each staining.
Double staining for NF-B and PECAM-1 (CD31), a specific endothelial surface protein, was performed as described previously (36) . In brief, after incubation with rabbit anti-human NF-B, an HRP-conjugated goat-anti-rabbit Capillaries that were stained along the circumference were recorded as positive. VEGF, VEGF-R1, VEGF-R2, TIE-2, and HIF-1␣ were expressed on all endothelial cells (22, (37) (38) (39) . Therefore, the intensity of staining was measured with a three-step semiquantitative scale (magnification ϫ200) as weak (ϩ1), moderate (ϩ2), or strong (ϩ3) (40) 
RESULTS
Fetal capillaries were stressed by chorioamnionitis and funisitis. The percentage of HSP70-positive capillaries was higher in placenta tissue of the chorioamnionitis group (median 24%; 95% CI 20 -27%) and the funisitis group (median 25%; 95% CI 22-27%) in comparison with the control group (median 3%; 95% CI 2-7%; p Ͻ 0.05). The result of each analyzed sample is shown in Fig. 1 . The percentage of HSP70-positive cells was not significantly different between the funisitis group and the chorioamnionitis group.
Chorioamnionitis and funisitis activated NF-B in endothelial cells. The percentage of NF-B-positive capillaries was increased in the chorioamnionitis group (median 40%; 95% CI 33-48%) versus the control group (median 16%; 95% CI 9 -20%; p Ͻ 0.05). The percentage in the funisitis group (median 47%; 95% CI 41-53%) was increased in comparison with the control group but not different from the chorioamnionitis group (p Ͻ 0.05). The result of each analyzed sample is summarized in Fig. 2 . Representative samples are shown in Fig. 3A and B. The staining was localized to the inflammatory cells in the capillary lumen and to the nuclei of the endothelial cells. A double-staining PECAM-1 (CD31), which is an endothelial marker, and NF-B were performed to demonstrate the co-localization (Fig. 3C) .
VEGF was decreased in chorioamnionitis and funisitis.
The intensity of VEGF expression in fetal capillaries was decreased in the chorioamnionitis and in the funisitis group. Representative samples are shown in Fig. 3D and E. The intensity of all analyzed samples is shown in Fig. 4 . The intensity in the control group (median 2.3; 95% CI 1.9 -2.6) was higher than in the chorioamnionitis group (median 0.7; 95% CI 0.4 -1.1) or in the funisitis group (median 1.1; 95% CI 0.8 -1.4; p Ͻ 0.05).
VEGF-R1 and -R2 were decreased in chorioamnionitis and funisitis. The intensity of expression of VEGF-R1 and -R2 are demonstrated in Fig. 5A and B, respectively. The intensity of VEGF-R1 was decreased in the control group (median 2.6; 95% CI 2.4 -2.8; p Ͻ 0.05) compared with the chorioamnionitis group (median 0.5; 95% CI 0.4 -0.8) and the funisitis group (median 0.7, 95% CI 0.5-0.9; Fig. 5A ). Similar effects were seen with the expression of VEGF-R2 (Fig. 5B) . The intensity was reduced in the chorioamnionitis group (median 0.5; 95% CI 0.4 -0.8) and the funisitis group (median 0.7; 95% CI 0.5-0.9) in comparison with the control group (median 2.6; 95% CI 2.4 -2.8; p Ͻ 0.05).
TIE-2 was increased in chorioamnionitis and funisitis. The staining pattern for TIE-2 was different from the patterns seen with VEGF and its receptors. The intensity of expression of TIE-2 was markedly increased in the chorioamnionitis group and in the funisitis group (Fig. 6) . The intensity was increased almost 3-fold in the chorioamnionitis group (median 2.4; 95% CI 2.2-2.7) and in the funisitis group (median 2.5; 95% CI 2.2-2.7) over the control group (median 0.8; 95% CI 0.5-1.0; p Ͻ 0.05).
HIF-1 ␣ was not changed in chorioamnionitis and funisitis. There was no difference in the staining pattern and only minor differences in the intensity of the expression of HIF-1␣ in all three groups: chorioamnionitis group (median 1.6; 95% CI 1.1-1.8), funisitis group (median 1.8; 95% CI 1.6 -2.2), and control group (median 1.9; 95% CI 1.5-2.2; Fig. 7 ).
DISCUSSION
We found in this study that inflammation in the placenta affected the homeostasis of endothelial cells in the placental capillaries. Expression of HSP70 was increased in placentas from patients with funisitis or chorioamnionitis. Proinflammatory gene transcription was activated in endothelial cells. Expression of proangiogenic VEGF and VEGF-R1 and -R2 were decreased in cases of funisitis and chorioamnionitis, whereas TIE-2 expression was increased. The changes reflected the involvement of placental capillaries in the inflammatory process with possible impact on placental function. Remarkably, the changes were similar in the chorioamnionitis and the funisitis groups and do not reflect the idea of funisitis as a progression of chorioamnionitis. However, we focused on angiogenic changes in capillaries of the placental compartment that may not be involved in the progression of chorioamnionitis to funisitis. In contrast, the analysis of adhesion molecules in Figure 4 . The intensity of VEGF staining was rated on a three-step semiquantitative scale. The intensity of VEGF expression was lower in the chorioamnionitis group and in the funisitis group. The median of each group is marked. The impact of inflammatory and angiogenic changes on placental function remain unclear. However, Satosar et al. (41) recently reported the correlation of inflammation of the villi by bacterial or viral infection with neonatal mortality and morbidity. NF-B can be induced by many different proinflammatory agents, such as Gram-negative and Gram-positive bacteria or proinflammatory cytokines. The effects on NF-B activation on angiogenesis in the placenta are not well understood. HIF-1␣, VEGF, VEGF receptors, and TIE-2 have been detected on trophoblasts and endothelial cells (22, (37) (38) (39) . The mRNA levels of VEGF and VEGF receptors were dependent on gestational age and mode of delivery, but no analysis of chorioamnionitis was included (38) . The expression of VEGF was affected by pathologic conditions such as preterm premature rupture of membranes (43), recurrent miscarriages (44), hypoxia/ischemia (45), fetal growth retardation, fetal alcohol syndrome, or diabetes (31). Marvin et al. (42) showed a reduction of VEGF-R2 mRNA in preterm deliveries with infection in comparison with preterm deliveries without infection. Protein was not quantified in that study. The regulation of VEGF and its receptors occurs at transcriptional, translational, and posttranslational levels (46) . In our study, protein expression but not mRNA was analyzed. Therefore, the comparison of the results is limited to the lack of information on respective data on protein or mRNA. The reduction of expression of VEGF and VEGF receptors and the increase in TIE-2 in chorioamnionitis may reflect injury of the placental vessels. The angiogenesis may be impaired, which is reflected by a decrease in VEGF and its receptors. The increase in TIE-2 expression may be part of the repair after inflammationmediated injury in placenta capillaries because TIE-2 mediates vascular stabilization and remodeling (32) . This assumption remains speculative because there was no morphologic difference in the analyzed sections.
The expression of HIF-1␣ was not changed in patients with chorioamnionitis or funisitis compared with the control group. One possible explanation for this finding is that the changes of HIF-1␣ have been transient in the course of inflammation and infection. The half-life of HIF-1␣ is extremely short at~5 min. Hypoxia and ischemia acutely extend the half-life of HIF-1␣ by inhibiting protein degradation (46) . We have no information on the onset or the duration of inflammation in these patients. The early changes of inflammation may not have been available for analysis in our study. Another possibility is that endothelial VEGF and VEGF-receptor gene expression in chorioamnionitis may be regulated in a HIF-1␣-independent manner for example by transmembrane tyrosine kinases such as the epidermal growth factor receptor (47, 48) .
The implications of the present study may not be limited to the placenta. Recent findings in preterm infants with pulmonary morbidity highlight effects of infection and chorioamnionitis on neonatal organs other than the placenta (49, 50) . The role of angiogenesis in the development of BPD was shown in lungs of preterm infants who developed BPD (14, 15) . The expression of VEGF and its receptors was decreased in infants who developed BPD. Therefore, the interaction of alveogenesis and vascular development was impaired in patients with BPD (51) . Apparently, the development of BPD can be primed by exposure to prenatal pulmonary inflammation, which can be aggravated by postnatal events (8, 52, 53) . Structural changes by apoptosis of parenchymal cells were induced in the course of injury and inflammation in the airways and lungs (54) . Apparently, alveolar inflammation affects endothelial function and angiogenesis (8) . This concept was demonstrated recently by reduced expression of endothelial cell proteins in the lungs of lamb fetuses within days after alveolar inflammation in an endotoxin-induced chorioamnionitis model with little systemic inflammation (55, 56) . However, lung function can be affected by vascular proinflammatory stimuli as well (51) . Our study supports the concept that angiogenesis-related genes may be interesting new therapeutic targets for the prevention and treatment of chorioamnionitis-associated neonatal morbidity and mortality (51) .
Our study showed that fetal capillaries are stressed by chorioamnionitis. The expression of VEGF and VEGF-R1 and -R2 was reduced, whereas TIE-2 was increased. The importance of this disturbance of angiogenic homeostasis for placental function and neonatal morbidity remains to be determined. Our findings suggest for the first time that impaired fetal angiogenesis in the placenta might be a pathogenetic mechanism contributing to increased morbidity and mortality of fetuses and newborns who are exposed to chorioamnionitis and funisitis.
